Whole genome sequencing of bacteria has become daily routine in many fields. Advances in DNA sequencing technologies and continuously dropping costs have resulted in a tremendous increase in the amounts of available sequence data. However, comprehensive in-depth analysis of the resulting data remains an arduous and time consuming task. In order to keep pace with these promising but challenging developments and to transform raw data into valuable information, standardized analyses and scalable software tools are needed.
Introduction
In 1977 DNA sequencing was introduced to the scientific community by Frederick Sanger [1] .
Since then, DNA sequencing has come a long way from dideoxy chain termination over high-resulting in annotated genomes. Therefore, raw sequencing reads are quality controlled and clipped via FastQC (https://github.com/s-andrews/FastQC), FastQ Screen (https://www.bioinformatics.babraham.ac.uk/projects/fastq_screen), Trimmomatic [31] and Filtlong (https://github.com/rrwick/Filtlong). Filtered reads are then assembled via SPAdes [32] for Illumina reads, HGAP 4 [33] for Pacific Bioscience (PacBio) reads and Unicycler [34] for Oxford Nanopore Technology (ONT) reads, respectively. Hybrid assemblies of Illumina and ONT reads are conducted via Unicycler, as well. Before annotating assembled genomes with Prokka [30] , contigs are rearranged and ordered via the multi-reference scaffolder MeDuSa [35] . For the annotation of subsequent pseudogenomes ASA³P uses custom genus-specific databases based on binned RefSeq genomes [6] as well as specialized protein databases, i.e. CARD [36] and VFDB [37] . In order to integrate public or externally analyzed genomes, ASA³P is able to incorporate different types of pre-processed data, e.g.
contigs, scaffolds and annotated genomes. In a second stage B ( Fig 1B) , all assembled and annotated genomes are extensively characterized. A taxonomic classification is conducted comprising three distinct methods, i.e. a kmer profile search, a 16S sequence homology search and a computation of an average nucleotide identity (ANI) [38] against user provided reference genomes. For the kmer profile
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User input and output
Each set of bacterial isolates to be analyzed within a single execution is considered as a self-contained analysis of bacterial cohorts and is subsequently referred to as an ASA³P project. As ASA³P was developed in order to analyze cohorts of closely related isolates, e.g. a clonal outbreak, the pipeline expects all genomes within a project to belong to at least the same genus, although a common species is most favourable. For each project, the pipeline expects a distinct directory comprising a configuration spreadsheet containing necessary project information and a subdirectory containing all input data files. Such a directory is subsequently referred to as project directory. In order to ease provisioning of necessary information, we provide a configuration spreadsheet template comprising two sheets (S1 and Genbank, EMBL or GFF files. In the latter case, corresponding genome sequences can either be included in the GFF file or provided via separate Fasta files.
As ASA³P is also intended to be used as an automatic preprocessing tool providing as much reliable information as possible, results are stored in a standardized manner within project directories comprising quality clipped reads, assemblies, ordered and scaffolded contigs, 
Implementation and software distributions
ASA³P is designed as a modular and expandable application with high scalability in mind. It consists of three distinct tiers, i.e. a command line interface, an application programming interface (API) and analysis specific cluster distributable worker scripts. A common softwarewide API is implemented in Java whereas the core application and worker scripts are implemented in Groovy. In order to overcome common error scenarios on distributed highperformance compute (HPC) clusters and cloud infrastructures and thereby delivering robust runtime behavior, the pipeline takes advantage of a well-designed shared file system oriented data organization, following a convention over configuration approach. Thus, loosely coupled software parts run both concurrently and independently without interfering with each other. In addition, future enhancements and externally customized scripts reliably find intermediate files at reproducible locations within the file system.
As ASA³P requires many third party dependencies such as software libraries, bioinformatics tools and databases, both distribution and installation is a non-trivial task. In order to reduce the technical complexity as much as possible and to overcome this bottleneck for non- 
Results

Analysis features
ASA³P conducts a comprehensive set of pre-processing tasks and genome analyses. In order to delineate currently implemented analysis features, we created and analyzed a benchmark data set comprising 32 Illumina sequenced Listeria monocytogenes isolates randomly selected from SRA as well as four Listeria monocytogenes reference genomes from Genbank (S2 Table) . All isolates were successfully assembled, annotated, deeply characterized and finally included in comparative analyses. Table 1 provides for each genome is provided in a separate spreadsheet (S1 File).
Finally, core and pan-genomes were computed resulting in 1,485 core genes and a pangenome comprising 7,242 genes. Excluding the L. innocua strain and re-analyzing the dataset reduced the pan-genome to 6,197 genes and increased the amount of core genes to 2,004 additionally endorsing its taxonomic difference.
Data visualization
Analysis results as well as aggregated information get collected, transformed and finally presented by the pipeline via user friendly and detailed reports. These comprise local and responsive HTML5 documents containing interactive JavaScript visualizations facilitating the easy comprehension of the results. Fig 2 shows an exemplary collection of embedded data visualizations. Where appropriate, specialized widgets were implemented, as for instance circular genome annotation plots presenting genome features, GC content and GC skew on separate tracks (Fig 2A) . These plots can be zoomed, panned and downloaded in SVG format for subsequent re-utilization. Another example is the interactive and dynamic visualization of SNP based phylogenetic trees (Fig 2E) via the Phylocanvas library (http://phylocanvas.org) enabling customizations by the user, as for instance changing tree types as well as collapsing and rotating subtrees. In order to provide users with an expeditious but conclusive overview on bacterial cohorts, key genome characteristics are visualized via an interactive parallel coordinates plot ( Fig 2F) GB and thus draw the conclusion that ASA³P allows the execution of a sophisticated workflow for the analysis of bacterial WGS data cohorts on ordinary consumer hardware.
However, since larger amounts of isolates, more complex genomes or deeper sequencing coverages might result in higher hardware requirements, we nevertheless recommend at least 16 GB of memory.
Conclusion
We described ASA³P, a new software tool for the local, automatic and highly scalable analysis of bacterial WGS data. The pipeline integrates many common analyses in a standardized and community best practices manner and is available for download either as a local command line tool encapsulated and distributed via Docker or a self-orchestrating OS cloud version. To the authors' best knowledge it is currently the only publicly available tool for the automatic high-throughput analysis of bacterial cohorts WGS data supporting all major contemporary sequencing platforms, offering SOPs, robust scalability as well as a user friendly and interactive graphical user interface whilst still being locally executable and thus offering on-premises analysis for sensitive or even confidential data. So far, ASA³P has been used to analyze thousands of bacterial isolates covering a broad range of different taxons. 
Availability and future directions
